PVAT concentrations of MCP-1, TNF-α and adiponectin were significantly higher in OZR compared to LZR (+102%, +108%, and +45%, respectively). Following WB diet, PVAT concentrations of IL-8 were significantly lower in both OZR (-37%) and LZR (-30%), while adiponectin concentrations significantly increased in both OZR (+11%) and LZR (+16%). MCP-1 concentrations significantly decreased (-31%) in the PVAT of OZR on WB diet.
INTRODUCTION
The development of endothelial dysfunction and a chronic pro-inflammatory, pro-oxidative, and pro-thrombotic environment are landmark characteristics of Metabolic Syndrome, a cluster of interrelated risk factors which dramatically increase the risk of developing type 2 diabetes and cardiovascular disease (Mozaffarian et al. 2015) .
Perivascular adipose tissue (PVAT) is a particular type of adipose tissue with unique characteristics which surrounds larger blood vessels, including the aorta (Gollasch 2012) . Besides storing and releasing fat, PVAT also secretes adipokines which act in a paracrine manner on the vascular endothelium and smooth muscle cells, regulating inflammation and endothelial function, which results from an imbalance between vasoconstrictor and vasodilator responses leading to impaired vascular tone and contributing to the development of atherosclerotic lesions (Löhn et al. 2002 , Marti et al. 2012 . Recent evidence suggest that PVAT is involved in the control of arterial vascular tone by exerting a vasorelaxing activity, although the exact mechanisms and adipokines involved in this action are not clearly understood (Gollasch 2012) .
Since obese individuals have more PVAT surrounding their blood vessels, this tissue could play a very important role in understanding some of the different metabolic responses characterizing obesity and Metabolic Syndrome, with particular focus on inflammation and endothelial function (Barandier et al. 2005) .
Several lines of evidence have shown that dietary bioactive compounds have the potential of playing important roles in preventing and reversing endothelial dysfunction (Landberg et al. 2012) as well as reducing inflammation (Giugliano et al. 2006 ).
D r a f t
Dietary consumption of wild blueberries (WBs), which are among the richest fruit sources of anthocyanins (ACN) and other polyphenols (Häkkinen and Törrönen, 1999) , has been repeatedly shown ex vivo to improve the biomechanical properties of rat aortas (Kristo et al. 2010 , Kalea et al. 2010 , Kristo et al. 2013 and attenuate inflammation (Vendrame et al. 2013) .
In previous studies, we have shown that the Obese Zucker rat (OZR), an experimental model of MetS (De Artiñano and Castro 2009), exhibited a reduced vasoconstrictor response to Phe in isolated aortic rings, while WB consumption partially restored such impaired vascular function (Vendrame et al. 2014) .
The goal of the present study is twofold. First, we assess the impact of PVAT on Phe-mediated vasoconstriction in the OZR aortic vessel. Subsequently, we evaluate the effect of wild blueberry consumption on such response, including the individual contribution of the nitric oxide synthase (NOS) and cyclooxygenase (COX) pathways. We also measure the effect of WB on the concentrations of four major PVAT-released adipokines: interleukin-8 (IL-8), monocyte chemoactractant protein 1 (MCP-1), tumor necrosis factor alpha (TNF-α) and adiponectin.
The reasoning behind this research is that fat accumulation a major component of metabolic syndrome and obesity results in increased production of PVAT, which induces localized inflammation in the arterial region. In turn, the secretion of pro-inflammatory signaling agents from PVAT induces vascular dysfunction, increasing the risk of cardiovascular disease. Thus, it is reasonable to hypothesize that wild blueberry consumption, by providing its antioxidant and antiinflammatory bioactives, could alleviate the inflammatory burden induced by the hypertrophic PVAT.

MATERIALS AND METHODS
Zucker rats
Thirty-two male obese Zucker rats (OZR) and 32 male lean littermate controls (LZR) were purchased from Charles River laboratories (Raleigh, North Carolina) and divided in two sets, each set consisting of 16 OZR and 16 LZR.
Rats were housed individually in an environmentally controlled room maintained at 22°C with a light cycle of 12 hours light and 12 hour dark.
Half of the rats from each group and each set, were randomly assigned to either a wild blueberry enriched diet (WB) or a control diet (C) for 8 weeks, between 8 and 16 weeks of age.
Food and tap water were provided ab libitum. Food intake data were recorded daily and rats were weighed weekly.
The experimental protocol was reviewed and approved by the University of Maine Institutional Animal Care and Use Committee (IACUC).
Wild blueberries
Wild blueberries were provided as a composite from Wyman's (Cherryfield, ME), freeze-dried, powdered and vacuum-packed by FutureCeuticals (Momence, IL), and stored in the dark at -20°C until use. The total anthocyanin content of the WB powder is 1.5% w/w, with malvidin 3-galactoside and peonidin 3-galactoside as the most abundant anthocyanins, as previously reported (Del Bo' et al., 2010) . Total fiber content was 18% w/w (15.2% w/w insoluble fiber and 2.8% w/w soluble fiber). Total sugar content was 68.4% w/w (35.2 w/w glucose and 33.2 w/w fructose).
D r a f t
Diets
The control diet was prepared mixing 691 g/kg dextrose, 200 g/kg egg white solids, 60 g/kg corn oil, 35 g/kg mineral mix (AIN-93M), 10 g/kg vitamin mix (AIN-93), 4 g/kg D-L-methionine and 2 mg/kg biotin. It provided approximately 71% carbohydrate, 6% fat, 17% protein and 403 kcal/100 g. The wild blueberry diet was prepared mixing the same ingredients in the same proportions, except the substitution of 80 g/kg (8%) wild blueberry powder for an equivalent amount of dextrose. It provided approximately 68% carbohydrate, 6% fat, 17% protein, 1.5% fiber, 0.12% anthocyanin and 393 kcal/100 g.
Sample collection
At the end of the dietary period, animals were fasted overnight, anesthetized with 95% CO 2 /5% O 2 for 90 seconds, and exsanguinated by intracardiac puncture. The thoracic aorta was excised and cleaned to remove blood clots. In animals from set 1, PVAT was removed from half of the length of the aorta, and the middle part of the aorta was cut into four rings of approximately 3 mm length, in a way that two rings were still surrounded by their PVAT (PVAT+), and the other two rings were cleaned from it (PVAT-). In animals from set 2, PVAT was left intact so that all four rings were surrounded by it. Rings were immediately used for the evaluation of vasoconstrictor responses, as described below.
The remaining part of the PVAT was rinsed in ice-cold PBS buffer (Sigma) and homogenized with mortar and pestle before adding 5 mL PBS, vortexing for 1 min, and centrifuging for 15 min at 1500 g. The supernatant was collected, aliquoted and stored at -80°C until further analysis.
D r a f t
Biomechanical arterial property studies
The schematic of the experimental design is represented in Figure 1 . In animals from set 1, a phenylephrine dose-response curve was generated using four aortic rings with and without PVAT from each animal to evaluate vasoconstrictor responses. Each ring was suspended between two stainless steel weightless wire triangles and mounted in a Radnoti tissue bath (Radnoti Glass Technology Inc., Monrovia, CA) containing PSS at 37°C and aerated with a 95% O2 / 5% CO2 gas mix (pH 7.4). The bottom triangle was attached to a weightless wire hook fixed to the tissue bath, while the upper triangle was attached to a weightless wire hook connected to a tissue force analyzer (TFA Model 410, Micro-Med Inc., Louisville, KY) to measure the isometric tension (g) developed in the aortic rings during the experiment. The developed force was recorded and analyzed using a personal computer running DMSI-450 software (version 1.01, Micro-Med Inc., Louisville, KY).
After a preload to adjust resting tension to 1.5 g and a preconditioning (acetylcholine 10-8 M and phenylephrine 10-8 M for 10 minutes) to saturate non selective receptors, the force was readjusted to baseline (1.5 g) and aortic ring was contracted with six cumulative phenylephrine doses (from 10-8 to 3x10-6 M), and allowed to reach maximum contraction force for 6 minutes after each dose. After the last dose, a single dose of acetylcholine (3x10-6) was added to induce vasorelaxation and confirm the integrity of the endothelium (which was considered acceptable with at least 70% relaxation). The maximum force of vessel contraction (Fmax) was determined for each ring as the highest value of each phenylephrine curve and was used to evaluate the effect of treatments on aortic contractility. The effective concentration of the agonist to obtain 50% D r a f t of maximum response (EC50) and vessel sensitivity to the α1-adrenergic receptor response (pD2 = -log10 EC50) were also determined for each ring (Norton et al., 2005) .
In animals from set 2, the same phenylephrine dose-response curve was generated. This time,
PVAT was left intact in all aortic rings. Following the preconditioning step, each ring was randomly assigned to either a pre-incubation treatment with L-N-monomethyl-arginine (L-NMMA,
10
-4 M for 30 minutes), which inhibits nitric oxide synthases (NOS); a pre-incubation treatment with mefenamic acid (MFA, 10 -5 M for 30 minutes), which inhibits cyclooxygenases (COX); or a treatment with no inhibitor. Force was then re-adjusted to baseline (1.5 g) before the initiation of the phenylephrine concentration-response experiment, using the same protocol described for set 1.
Adipokine concentration in PVAT homogenate
Total protein content in PVAT homogenate was determined using the colorimetric assay "BCA Protein Assay Kit" (ThermoScientific #23227). Interleukin 8 concentrations in the PVAT homogenate were determined using the "Rat Interleukin-8 ELISA Kit" (MyBioSource #MBS262974). Monocyte chemoattractant protein 1 concentrations in the PVAT homogenate were determined using the "Monocyte chemoattractant protein 1 ELISA Kit" (MyBioSource #MBS266051). Adiponectin concentrations in the PVAT homogenate were determined using the "Rat Adiponectin ELISA Kit" (Millipore #EZRADP-62K). The procedure for the commercially available kits was carried out following the instructions provided by the manufacturer. Spectophotometrical readings were performed on a xMark™ Microplate Absorbance Spectrophotome-D r a f t ter (BioRad, California). Concentrations of IL-8, MCP-1, TNF-α and adiponectin in the supernatant were standardized to total protein content.
Statistical analysis
Results from vasoconstriction experiments were evaluated using 2-way ANOVA with StudentNewman-Keuls comparisons on equal numbers of rank-ordered observations, in the absence or presence of inhibitors, in OZR and LZR. Adipokine concentration data were analyzed using 2-way ANOVA, with diet (WB vs. C diets) and animal model (OZR and LZR) as independent factors. Significant main effects and interactions were further evaluated by means of the Tukey HSD post hoc test. Statistical analysis was performed using R statistical software version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria). Results were expressed as means ± SEM and considered significant at P < 0.05.
D r a f t
RESULTS
Animal weight and food intake data
Average weight during the experimental period was significantly higher in OZR (466.37 ± 11.98 g) compared to LZR (301.64 ± 8.87 g). Average weight gain between 8 and 16 weeks of age was also significantly higher in OZR (269.36 ± 13.88 g) compared to LZR (171.01 ± 9.12 g). However, no significant differences for average weight or weight gain were observed within each group between wild blueberry and control rats.
Average food intake was significantly higher in the OZR group (28.20 ± 1.45 g/day) compared to the LZR group (23.05 ± 1.36 g/day), but it was homogeneous within each group between wild blueberry diet and control.
Phenylephrine-induced vasoconstriction with or without PVAT
The cumulative concentration-response curves to Phe-induced endothelium-dependent vasoconstriction are shown in In presence of PVAT, vessel sensitivity (pD2) to the α1-adrenergic agonist phenylephrine was not significantly different in LZR and OZR (Table 1) . When PVAT was removed, pD2 significantly increased in LZR but was unaffected in OZR. Vessel sensitivity to the α1 adrenergic agonist Phe ( Table 2 ) was similar in OZR and LZR, and was not affected by the WB diet or by MFA-induced COX inhibition. With L-NMMA-induced NOS inhibition, vessel sensitivity significantly increased in both OZR and LZR, independent of diet (p<0.05).
Concentrations of inflammatory markers (IL-8, MCP-1, adiponectin, TNF-α) in PVAT homogenates
Concentrations of inflammatory markers in PVAT homogenates are shown in Table 3 .
Interleukin-8 concentrations in PVAT homogenates were similar in LZR and OZR, independent of diet. Following wild blueberry consumption, interleukin-8 concentrations were significantly decreased both in LZR (-30%) and in OZR (-37%).
D r a f t
A significant effect of the animal model was observed for MCP-1, TNF-α and adiponectin, whose concentrations were all significantly higher in PVAT homogenates of OZR compared to LZR (+102%, +108% and +45%, respectively).
In OZR, a significant model x diet interaction was found for MCP-1 and TNF-α, both of which were significantly lower in the wild blueberry group (-31% and -11%, respectively).
Following wild blueberry consumption, adiponectin concentrations significantly increased both in the LZR group and the OZR group (+16% and +11%, respectively).
DISCUSSION
The perivascular adipose tissue (PVAT) provides not only structural support and protection for the blood vessels it surrounds, but it is also a metabolically active tissue which releases paracrine mediators directly affecting the vascular endothelium and smooth muscle cells (Greenstein et al. 2012; Gollasch 2012) .
Many of the adipokines released by PVAT, such as MCP-1, IL-8, IL-6, TNF-α, adiponectin, leptin and resistin, are typically dysregulated in obese people and Metabolic Syndrome patients.
Thus, PVAT is a potential target for a better understanding and treatment of these conditions (Gollasch, 2012) . This is the first study attempting to document the role of wild blueberries on local inflammation related to PVAT. The first goal of this study was to determine the impact of PVAT on Phe- This finding is also consistent with a previous report by Löhn et al. (2002) , who found that the contractile response to serotonin was significantly reduced in OZR aortic rings when PVAT was left intact, compared to when it was removed.
D r a f t
The exact mechanisms by which PVAT exerts such anticontractile effects are still not fully understood. Although several adipokines with vasoactive properties have been identified and are released from PVAT, however, none has been proven to play a major role in the vasoregulation of visceral arteries (Gao et al. 2009; Bailey-Downs et al. 2013) . Thus, the observed effect may be due to either a synergistic effect of several adipokines, or to a still unidentified adipocyte-derived relaxing factor (ADRF) which acts endothelium-independently and likely activates tyrosine kinase via ATP-dependent K+ channels as reported by Lee et al. (2009) .
The next goal of the present study was to determine whether the anti-inflammatory effect of WB exerted locally in the PVAT observed in this study, is reflected in the contractile responses of the aortic vessel when PVAT is left intact during functional mechanical properties experiments.
Following Phe-induced vasoconstriction, OZR again presented with a lower vasoconstrictor responses compared to LZR, but with no differential effect between C and WB treatments. When rings were pretreated with L-NMMA to inhibit NOS, the maximal tension to Phe increased as expected in all groups, but the difference between LZR and OZR remained. The WB diet did not have an effect from control in either animal group. In contrast, when rings were pretreated with MFA to inhibit COX, the increase in constrictor responses was almost completely abolished in OZR assigned to the WB diet.
These results comparing vasodilator pathways show that NO is the primary vasodilator in the aorta of both LZR and OZR phenotypes. Further, when the COX inhibitor MFA is present, the OBZ-WB response to Phe is not augmented like the response seen in the OZR-C or either LZR group. It is not apparent at this point what the mediator of the suppressed response is or how it relates to either the WB diet or the presence of PVAT, or the synergism of the two.
The biochemical assays conducted in this study in PVAT homogenates, suggest that PVAT of OZR has become dysfunctional, as evidenced by a pro-inflammatory and pro-thrombotic environment with significantly higher concentrations of TNF-α and MCP-1. Wild blueberry consumption appeared to locally attenuate adipokine inflammatory markers in the PVAT of both lean and obese animals.
Interleukin 8 concentrations were significantly lowered in both LZR and OZR following WB consumption. Interleukin 8 is a pro-inflammatory cytokine, mostly produced by activated macrophages, which promotes the expression of adhesion molecules on endothelial cells and whose chronic production leads to endothelial dysfunction (Apostolakis et al. 2009 ). Kim et al. had already reported that exposure to a black soybean ACN extract for 24 hours was able to decrease
IL-8 concentrations in vitro in H. pylori-infected human gastric epithelial cells (Kim et al. 2012).
Monocyte chemoattractant protein-1 is a cytokine which is expressed during inflammation and recruits monocytes, promoting their migration and infiltration at the site of active inflammation Interleukin-8 and MCP-1 are two major products of PVAT that influence endothelial responses (Gollasch 2012) . Both molecules are under transcriptional control of Nf-kB, which we had al-D r a f t ready shown to be down-regulated in the adipose tissue following WB consumption (Vendrame et al. 2013) .
In this study, wild blueberry consumption also resulted in significantly higher concentrations of the anti-inflammatory protein adiponectin in the PVAT supernatant of both lean and obese animals. The increase of this humoral vasodilator (Lee et al. 2009 ) may contribute to the attenuation of the Phe-induced constrictor response in the OZR-WB aortas.
It is to be noted that the vast majority of arterial biomechanical studies are conducted on isolated aortic rings after the PVAT has been removed. However, this study showed that by releasing adipokines, PVAT acts as a paracrine organ significantly impacting endothelial responses. Thus, careful consideration should be given to the option of whether PVAT surrounding blood vessels should be left intact when conducting such studies in order to preserve conditions that are more similar to a physiological state.
In conclusion, this is the first study to show that PVAT exerts an anti-contractile effect in Pheinduced constrictor responses in the aortic vessel of both lean and obese Zucker rats. The PVAT of obese Zucker rats appears to be dysfunctional, with higher concentrations of pro-inflammatory and pro-thrombotic mediators. Furthermore, this study shows for the first time that wild blueberry consumption is able to attenuate local inflammation in the PVAT of OZR. Although this local anti-inflammatory effect was not directly translated in a altered contractile response of the aortic vessel following Phe-induced endothelium-dependent vasoconstriction, it may have important consequences in counteracting the overall pro-inflammatory, pro-oxidative, and pro-thrombotic environment which is characteristic of the development and progression of endothelial dysfunction and Metabolic Syndrome.
D r a f t
We believe that this line of investigation provides important evidence in developing useful dietary strategies to prevent and reverse the metabolic syndrome, which is of key importance for public health. Indeed, diet is one of the most manageable ways of preventing the development of metabolic syndrome in the human population, as well as decreasing the risk of complications in patients who already suffer from this condition while greatly reducing the need for pharmacological treatment, which is inevitably associated with harmful side effects and constitutes a consid- 
